
7558 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 8, AUGUST 2019

Efficiency Improvement of Grid Inverters
With Hybrid Devices

Ye Wang , Min Chen , Member, IEEE, Cheng Yan , and Dehong Xu , Fellow, IEEE

Abstract—In this paper, a hybrid switch with the combination of
large-current silicon (Si) insulated gate bipolar transistor (IGBT)
and small-current silicon carbide (SiC) metal-oxide semiconductor
field-effect transistor (MOSFET) is utilized in a three-phase T-type
three-level grid inverter. The hybrid switch can optimize the cost
of the system while achieving high efficiency. The relationship be-
tween efficiency improvement and cost of the hybrid switch is in-
vestigated. Several switching patterns, which can decrease the loss
of the small-current SiC MOSFET for the hybrid switch, are studied.
Different switching patterns for the hybrid switch of the grid in-
verter are compared based on the inverter efficiency. Finally, a 20
kW three-phase T-type three-level grid inverter prototype with the
hybrid switch of large-current Si IGBT and small-current SiC MOS-
FET (1:2.4 SiC/Si current ratio) is built to verify the main results.

Index Terms—Grid inverter, high efficiency, hybrid switch,
switching patterns.

I. INTRODUCTION

IN recent years, global solar installation has increased rapidly
[1]. The efficiency improvement of photovoltaic (PV) in-

verters has attracted a lot of studies. In general, methods for
efficiency improvement of the PV inverters can be classified
into three categories: novel converter topologies, improved
pulsewidth modulation (PWM) modulation methods, and using
new devices.

With regards to novel converter topologies, HERIC [2], H5
[3], H6 [4], etc., have been proposed to increase the performance
of a single-phase inverter. Either neutral-point-clamped (NPC)
three-level inverters or T-type three-level inverters have been
widely used for three-phase PV inverters [5].

Improved PWM modulation methods are used to reduce the
dynamic loss of the inverter. PWM modulation methods such as
discontinuous pulsewidth modulation (DPWM) [6]–[9], selec-
tive harmonic elimination pulsewidth modulation (SHEPWM)
[10], and hybrid PWM [11], [12] can achieve high efficiency
with given grid side power quality.

Since PV inverter’s efficiency depends on power semiconduc-
tor device’s performance, power semiconductor device man-
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ufacturers such as Infineon and Fuji have made efforts to
customize the design of a power semiconductor device to suit PV
grid inverter applications. In addition, wide-band-gap (WBG)
devices such as SiC devices have been used in some PV inverters
[13]–[21].

However, high cost of SiC MOSFET devices limits its wide ap-
plications in PV inverters. Moreover, although the SiC MOSFET

has very low switching loss, it has higher voltage drop in larger
current since it has no conductivity modulation effect. On the
other hand, the Si IGBT has lower conducting voltage drop at
larger current, while it has higher switching loss. Besides, the Si
IGBT is much inexpensive than the SiC MOSFET. It is natural to
combine SiC MOSFET and Si IGBT together, known as a hybrid
switch, to leverage both the advantage of SiC MOSFET’s lower
switching loss characteristics and Si IGBT’s lower conduction
loss feature. At the same time, it can reduce the power rating
of the SiC MOSFET so that the total cost of the inverter may be
reduced.

Hybrid switch with parallel connection of Si MOSFET and
Si IGBT is proposed with a switching pattern, which realizes
the zero-voltage switching (ZVS) operation for the Si IGBT
[22]–[29]. Recently, the hybrid switch with the combination of
SiC devices and Si IGBTs is studied. It takes the advantage
of Si IGBTs’ good conduction characteristics and SiC devices’
good switching properties [30]–[38]. The selection of switching
patterns for the hybrid switch has attracted some studies, and
analysis of different switching patterns for the hybrid switch has
been reported in [35]–[38] and [41]–[43]. The design of the hy-
brid switch is critical after the switching pattern is determined.
An evaluation of a silicon-WBG hybrid switch is described and
cost analysis of the hybrid switch is given [39]–[43]. There are
some literary works studying the relationship between the delay
time interval when a SiC device is turned OFF after the Si IGBT is
turned OFF and the turn-OFF loss of the Si IGBT. The papers [39],
[40] find that the turn-OFF loss of the Si IGBT decreases with the
increase of the delay time interval and the optimum delay time is
a tradeoff between SiC device’s conduction loss and Si IGBT’s
turn-OFF loss. Hybrid switch with the combination of large-
current Si IGBT and small-current SiC MOSFET is welcome for
its cost, which, however, may introduce a risk of overheating and
reliability degradation of the small-current SiC MOSFET. A new
way of gate control optimization to make the junction tempera-
ture within the specified temperature range is proposed [44].

The predecessors have done a lot of work to show the ad-
vantages of the hybrid switch in many aspects. However, in-
vestigations on switching patterns to decrease the loss of the
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Fig. 1. Topology of the three-level inverter.

small-current SiC MOSFET of the hybrid switch, which can
improve the system reliability, have seldom been reported in
the literature. In addition, detailed comparisons of different
switching patterns for the hybrid switch are not presented. Re-
search works on the relationship between efficiency improve-
ment and cost of the hybrid switch are not deeply investigated.

In this paper, the hybrid switch with the combination of large-
current Si IGBT and small-current SiC MOSFET is utilized in a
three-phase T-type three-level grid inverter. The hybrid switch
can take the advantage of Si IGBT’s good conduction charac-
teristics and SiC MOSFET’s good switching properties. More-
over, the hybrid switch can optimize the cost of the system
while achieving high efficiency. The relationship between effi-
ciency improvement and cost of the hybrid switch is derived in
Section II. Several earlier switching patterns and switching pat-
terns to reduce the loss of the small-current SiC MOSFET of the
hybrid switch are studied in Section III. Also, different switch-
ing patterns for the hybrid switch of a grid inverter are compared
in Section III. Finally, a 20 kW three-phase T-type three-level
grid inverter prototype with the hybrid switch is built to verify
the main results in Section IV. Section V concludes the paper.

II. EFFICIENCY IMPROVEMENT VERSUS COST OF THE

HYBRID SWITCH IN A THREE-LEVEL INVERTER

Hybrid switch with the combination of high-current Si IGBT
and low-current SiC MOSFET is utilized in the three-phase T-type
three-level grid inverter. The topology of the three-level inverter
is described in Fig. 1. The horizontal switches SA2 , SA3 , SB 2 ,
SB 3 , SC 2 , and SC 3 are 650 V IGBTs. The antiparallel diodes
of the horizontal IGBTs can be Si diodes or SiC diodes. The
vertical switches SA1 , SA4 , SB 1 , SB 4 , SC 1 , and SC 4 can be
1200 V Si IGBTs, 1200 V SiC MOSFETs, and 1200 V hybrid
switches. All the analysis in the following chapter is based on
the topology of the three-phase T-type three-level inverter. The
parameters of the three-level inverter are listed in Table I.

As shown in Fig. 2, the hybrid switch has two typical types.
Type 1 consists of SiC MOSFET and Si IGBT without an an-
tiparallel diode in parallel. Type 2 consists of SiC MOSFET and
Si IGBT with an antiparallel diode in parallel. The antiparallel
diode of the Si IGBT can be SiC diode or Si diode. Detailed com-
parison of type 1 and type 2 is given in the subsequent content.

A. Analysis of a Common Switching Pattern

As shown in Fig. 3, PWM 1 is a frequently used switch-
ing pattern for the hybrid switch, which can realize the

TABLE I
PARAMETERS OF THE INVERTER

Fig. 2. Two types of hybrid switches.

Fig. 3. Switching pattern PWM 1 and corresponding switching waveforms.

ZVS operation for the Si IGBT [35]. The switching wave-
forms in Fig. 3 are based on sinusoidal pulsewidth mod-
ulation (SPWM) when inductor current is large enough to
make SiC MOSFET and Si IGBT distribute the total current
together. The current will only go through the SiC MOSFET

if inductor current is too small. And the waveforms of in-
ductor current are multiple stages with SVM modulation em-
ployed. Ts is the switching period, d(t) is the duty cycle in the
switching cycle, ugM is the gate signal of the SiC MOSFET,
and ugI is the gate signal of the Si IGBT. At t1 , the SiC MOSFET

is turned ON first, while all the inductor current flows through
the SiC MOSFET, which may lead to transient overcurrent and
corresponding switching loss at very short time. At t2 , the Si
IGBT is turned ON under the ZVS-ON condition for a low volt-
age drop over the Si IGBT. The turn-ON delay time T1 should be
large enough to allow complete conduction of the SiC MOSFET

and small enough to ensure the safety of the SiC MOSFET un-
der the transient condition. Another important issue for PWM
1 is the slow dynamics of the dynamic current commutation
between SiC MOSFET and Si IGBT due to the parasitic induc-
tance in the interconnection between SiC MOSFET and Si IGBT
during the stage t2–t3 . A switching pattern is introduced to
reduce the impact of the above-mentioned problem when the
Si IGBT conducts more current than the SiC MOSFET, which,
however, increases the turn-ON loss [27]. At t4 , the Si IGBT is
turned OFF under the ZVS-OFF condition for a low voltage drop
over the Si IGBT and a large amount of stored charge in the Si
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IGBT decreases as a result of the minority carrier recombination.
Then, all the inductor current will flow through the SiC MOSFET.
The turn-OFF delay time T2 should be large enough to allow com-
plete recovery of the carriers in the Si IGBT and short enough to
ensure the safety of the SiC MOSFET under the transient condi-
tion. The selection of T2 was a tradeoff between SiC MOSFET’s
conduction loss and Si IGBT’s turn-OFF loss. At t5 , the SiC
MOSFET is turned OFF under a hard switch condition. If the turn-
OFF delay time T2 is large enough, few stored charge is left at
t5 . When the voltage drop over the Si IGBT increases with the
turn-OFF of the SiC MOSFET, small current will flow through
the Si IGBT to charge its parasitic capacitor, which realizes
ZCS-OFF of the Si IGBT [26], [27], [39], [40]. In general, PWM
1 realizes the ZVS operation for the Si IGBT if the delay times
T1 and T2 are large enough. However, all the inductor current
flows through the SiC MOSFET during the delay times T1 and
T2 , which may cause SiC MOSFET overcurrent or overheat.

All the following analysis is based on PWM 1 (T1 is equal to
0.2 μs and T2 is equal to 1 μs). The following discussions are
based on the assumption that the ZVS operation for the Si IGBT
is realized.

B. Steady-State Current Sharing in the Hybrid Switch

As shown in Figs. 2 and 3, the conduction voltage drop of the
SiC MOSFET is resistive and can be derived as follows:

vds(t) = Rds · ids(t) (1)

where Rdson is the ON-state resistance of the SiC MOSFET, ids(t)
is the conduction current of the SiC MOSFET, and vds(t) is the
conduction voltage drop of the hybrid switch. The conduction
voltage drop of the Si IGBT is a constant voltage plus a resistive
drop, which can be expressed as follows:

vds(t) = vce0 + Rce · ice(t) (2)

where Rce is the ON-state resistance of the Si IGBT, ice(t) is
the conduction current of the Si IGBT, and vce0 is the ON-state
zero-current voltage of the Si IGBT. The inductor current iL (t)
can be calculated as follows:

iL (t) = ids(t) + ice(t). (3)

According to (1)–(3) and by assuming that the inductor cur-
rent is constant during the switching cycle, steady-state current
sharing of the hybrid switch can be described by the following
equation:
⎧
⎪⎪⎨

⎪⎪⎩

ids(t) =
iL (t) · Rce + vce0

Rdson + Rce

ice(t) =
iL (t) · Rdson − vce0

Rdson + Rce

if iL (t) ≥ vce0

Rdson
(4)

{
ids(t) = iL (t)

ice(t) = 0
if iL (t) <

vce0

Rdson
. (5)

With regards to current sensing, there are many current sens-
ing technologies: integrated current shunts (coaxial shunts, re-
sistive shunts, etc.), current transformers, Rogowski coils, Hall-

effect current sensors, and so on [45]. Resistive shunts are
applied in the double pulse test (DPT) in noncontinuous opera-
tion [46]–[48]. In this paper, the current of the hybrid switch is
measured by current sensing resistors in parallel and Rogowski
coils in continuous operation.

C. Loss Model in the Three-Level Inverter With the
Hybrid Switch

It is assumed that fs is the switching frequency and fg is the
line frequency. In a line cycle, the number of switching cycles
p = round(fs/fg ). The turn-ON loss of the hybrid switch can be
estimated by the following equation:

PonM = 3fg

p−1∑

k=0

[
Vdc

2Vbase
Eon(k)

]

(6)

where Eon (k) is the turn-ON loss of the SiC MOSFET in the (k +
1) switching cycle, and Vbase is the corresponding bus voltage
when measuring the switching loss. The turn-OFF loss of the
hybrid switch is obtained by the following equation:

Poff M = 3fg

p−1∑

k=0

[
Vdc

2Vbase
Eoff (k)

]

(7)

where Eoff (k) is the turn-OFF loss of the SiC MOSFET in the (k +
1) switching cycle.

When type1 is applied in the three-phase three-level grid-
connected inverter with a nonunit power factor, the reverse re-
covery loss of the body diode of the SiC MOSFET in the hybrid
switch can be calculated by the following equation:

PrecDM = 3fg

p−1∑

k=0

[
Vdc

2Vbase
ErecDM(k)

]

(8)

where ErecDM (k) is the reverse recovery energy of the body
diode of the SiC MOSFET in the (k + 1) switching cycle.

When type 2 is applied in the three-phase three-level grid-
connected inverter with a nonunit power factor, the reverse re-
covery loss of the antiparallel diode of the Si IGBT in the hybrid
switch can be calculated by the following equation:

PrecDI = 3fg

p−1∑

k=0

[
Vdc

2Vbase
ErecDI(k)

]

(9)

where ErecDI(k) is the reverse recovery loss of the antiparallel
diode of the Si IGBT in the hybrid switch in the (k + 1) switching
cycle.

According to (4) and (5), the conduction loss of the SiC MOS-
FET in the hybrid switch in a line cycle PconM can be estimated
by the following equation:

PconM = 6fg

q−1∑

k=0

Rdson

×

⎛

⎜
⎜
⎝

i2dsa(k)TsaM (k) + i2dsaSR(k)Tda(k)

+i2dsb(k)TsbM (k) + i2dsbSR(k)Tdb(k)

+i2dsc(k)TscM (k) + i2dscSR(k)Tdc(k)

⎞

⎟
⎟
⎠ (10)
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where q is round [fs/(6fg )]; idsa(k), idsb(k), and idsc(k) are
the current of the SiC MOSFET in three phases in the (k + 1)
switching cycle; idsaSR(k), idsbSR(k), and idscSR(k) are the re-
verse current of the SiC MOSFET when the SiC MOSFET is oper-
ating in the synchronous rectification mode with a power factor
not equal to 1 in three phases in the (k + 1) switching cycle;
TsaM (k), TsbM (k), and TscM (k) are the conduction time of the
SiC MOSFET in three phases in the (k + 1) switching cycle; and
Tda(k), Tdb(k), and Tdc (k) are the conduction time of the SiC
MOSFET when the SiC MOSFET is operating in the synchronous
rectification mode with the power factor not equal to 1 in the
(k + 1) switching cycle. The conduction loss of the Si IGBT in
the hybrid switch in a line cycle PconI can be shown as follows:

PconI = 6fg

q−1∑

k=0

×

⎛

⎜
⎜
⎝

vce0 (|icea(k)| + |iceb(k)| + |icec(k)|)

+Rce

(
i2cea(k)TsaI (k) + i2ceb(k)TsbI (k)

+i2cec(k)TscI (k)

)

⎞

⎟
⎟
⎠

(11)

where icea(k), iceb(k), and icec(k) are the current of the Si IGBT
in three phases in the (k + 1) switching cycle, and TsaI (k),
TsbI (k), and TscI (k) are the conduction time of the Si IGBT
in the (k + 1) switching cycle. When type 2 is applied in the
three-phase three-level grid-connected inverter with the power
factor not equal to 1 described in Fig. 1, the conduction loss of
the antiparallel diode of the Si IGBT in the hybrid switch can
be calculated by the following equation (in fact, the antiparallel
diode of Si IGBT and SiC MOSFET operating in the synchronous
rectification mode share the total current):

PconDI = 6fg

q−1∑

k=0

×

⎛

⎜
⎜
⎝

vce0d (|ida(k)| + |idb(k)| + |idc(k)|)

+Rced

(
i2da(k)Tda(k) + i2db(k)Tdb(k)

+i2dc(k)Tdc(k)

)

⎞

⎟
⎟
⎠

(12)

where ida(k), idb(k), and idc (k) are the current of the antiparallel
diode of the Si IGBT in three phases in the (k + 1) switching
cycle, Rced is the ON-state resistance of the antiparallel diode
of the Si IGBT, and vce0d is the ON-state zero-current voltage of
the antiparallel diode of the Si IGBT.

The turn-ON loss of the horizontal IGBT with the nonunit
power factor is expressed as follows:

PonCI = 3fg

p−1∑

k=0

[
Vdc

2Vbase
EonCI(k)

]

(13)

where EonCI(k) is the turn-ON loss of the horizontal IGBT in
the (k + 1) switching cycle. The turn-OFF loss of the horizontal
IGBT with the nonunit power factor is obtained by the following

Fig. 4. Loss distributions of type 1 and type 2 @ 20 kW with power factor 1.
(a) fs = 18 kHz. (b) fs = 50 kHz.

equation:

PoffCI = 3fg

p−1∑

k=0

[
Vdc

2Vbase
EoffCI(k)

]

(14)

where EoffCI(k) is the turn-OFF energy of the horizontal IGBT
in the (k + 1) switching cycle.

The reverse recovery loss of the antiparallel diode of the
horizontal IGBT with the nonunit power factor can be calculated
by the following equation:

PrecCD = 3fg

p−1∑

k=0

[
Vdc

2Vbase
ErecCD(k)

]

(15)

where ErecCD (k) is the reverse recovery loss of the antiparallel
diode of the horizontal IGBT in the (k + 1) switching cycle.

The conduction loss of the horizontal IGBT PconCI and the
conduction loss of the antiparallel diode of the horizontal IGBT
PconCD are not introduced here.

D. Comparison of Type 1 and Type 2 Hybrid Switches

Based on the parameters listed in Table I, the type 1
hybrid switch with IGBT IKW40N120T2 && SiC MOSFET

C2M0080120D and the type 2 hybrid switch with IGBT
IGW40T120 && SiC MOSFET C2M0080120D are selected.
IGBT IKW50N65EH5 is chosen as the horizontal switch. Fig. 4
shows the loss distributions of type 1 and type 2 hybrid switches
with two switching frequencies at rated output power 20 kW
with the unit power factor. Fig. 4 shows that type 1 and type
2 have nearly the same loss at both 18 and 50 kHz switching
frequency at the unit power factor.

However, the loss distributions of type 1 and type 2 hybrid
switches are different with the nonunit power factor even with
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Fig. 5. Loss distributions of type 1 and type 2 @ 20 kW with power factor
0.8 lagging. (a) fs = 18 kHz. (b) fs = 50 kHz.

the same switching frequency and output power. Fig. 5 shows
the loss comparison of type 1 and type 2 hybrid switches with
20 kW with 0.8 power factor. It reveals that type 1 has less
loss than type 2. Type 1 has smaller PrecDM and smaller PonCI
due to the good reverse recovery characteristics of the body
diode of the SiC MOSFET, while type 2 has larger PrecDI and
larger PonCI due to the poor reverse recovery characteristics of
the antiparallel diode of the Si IGBT. Therefore, type 2 is not
suitable for high frequency for its large switching loss when the
power factor is not equal to 1.

In general, the type 1 hybrid switch should be chosen. How-
ever, for the unit power factor case, the type 2 hybrid switch is
still usable.

E. Relationship Between Efficiency Improvement and Cost of
the Hybrid Switch in the Three-Level Inverter

The relationship between efficiency improvement and cost
of the hybrid switch in the three-level inverter is required for
reasonably selecting the device capacity of the hybrid switch so
that the inverter can be optimized with respect to both efficiency
and cost. An analysis of the relationship between efficiency
improvement and cost of the hybrid switch according to the
loss and the cost is described in this section. Due to the fact
that the loss and cost of horizontal switches shown in Fig. 1
are fixed, only the loss and cost of vertical switches, which are
implemented with hybrid switches (SA1 , SA4 , SB 1 , SB 4 , SC 1 ,
and SC 4). are considered in the following analysis.

It is assumed that the rated current of the Si IGBT is II , and
the rated current of the SiC MOSFET is IM . In order to calculate
intuitively, the cost of the Si IGBT is described as “1 ∗ II ” and
the cost of the SiC MOSFET is defined as “α ∗ IM ” where α

Fig. 6. Procedure for analyzing the loss and cost of the hybrid switch.

Fig. 7. Curves of Loss-Cost∗ when α equals 9.

represents that the cost of the SiC MOSFET at unit current is α
times that of the Si IGBT, which is defined as the cost ratio of
SiC MOSFET to IGBT. The cost of one driver board is defined as
“β.” Per-unit value of the cost of the hybrid switch Cost∗ can be
expressed as follows:

Cost∗ =
αIM + II + 2β

αIM ref + β
(16)

where IM ref is the reference value of the rated current of the
SiC MOSFET when only SiC MOSFET is used as a vertical switch.
The total loss of hybrid switch P at the unit power factor can be
calculated by the following equation:

P = PonM + Poff M + PconM + PconI . (17)

The following analysis is based on the parameters in Table I
when the switching frequency is 18 kHz.

A procedure for analyzing the loss and cost of the hybrid
switch is outlined in Fig. 6. First, the Si IGBT is selected with
enough current rating for the 20 kW inverter. Then, the SiC
MOSFET is selected with different ON-state resistances, which
are supposed to be parallel with the selected IGBT. Finally, both
loss and cost of different combinations of hybrid switches are
calculated and recorded in a series of curves.

The curves of Loss-Cost∗ with different solutions of hybrid
switches are shown in Figs. 7 and 8. Fig. 7 shows the cost versus
efficiency with the assumption of the cost ratio of 9. Fig. 8
shows the cost versus efficiency with the assumption of the cost
ratio of 5. The Si IGBT (IKQ50N120CT2) is selected. For SiC
MOSFETs, C2M0160120D (160 mΩ), C2M0080120D (80 mΩ),
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Fig. 8. Curves of Loss-Cost∗ when α equals 5.

Fig. 9. Calculated efficiency @18 kHz.

C2M0040120D (40 mΩ), and C2M0025120D (25 mΩ) are used
for analysis.

In both figures, the horizon axis presents the per-unit values of
the cost of different solutions of hybrid switches and the vertical
axis presents the loss of different solutions of hybrid switches at
rated output power. The legends “Hy25m,” “Hy40m,” “Hy80m,”
and “Hy160m” denote SiC MOSFETs used in hybrid switches:
25, 40, 80, and 160 mΩ, respectively, while the Si IGBT is
fixed to be IKQ50N120CT2. The legends “SiC” and “IGBT,”
respectively, show only SiC MOSFET (25 mΩ) and only IGBT
(IKQ50N120CH3) of vertical switches.

Some results can be obtained taking Fig. 7 as an example.
The large loss of only IGBT greatly limits the efficiency of
the inverter although the cost is very low. Efficiency can be
improved by using only SiC MOSFET, which, however, leads to a
significant cost increase. The black points reflect the relationship
between efficiency improvement or loss and cost of the hybrid
switch. In general, efficiency improvement or loss and cost of the
hybrid switch are a pair of contradictions. Optimization between
efficiency and cost can be achieved by choosing the proper ratio
of the hybrid switch. The comparison of Figs. 7 and 8 shows
that the selection range of the hybrid switch gradually decreases
with the decrease in cost ratio α.

F. Loss Distribution in the Three-Level Inverter

Fig. 9 shows the efficiency of different devices combinations
with the switching frequency 18 kHz. Fig. 10 shows the loss
distribution at rated output power 20 kW corresponding to Fig. 9.
The legends “Pfe” and “Pcu,” respectively, represent core loss
of filter and copper loss of filter. The results in Figs. 9 and 10
show that the hybrid switch has a distinct advantage compared
to only IGBT in efficiency. The efficiency of the hybrid switch
is lower than only SiC MOSFET at light load, while the efficiency
advantage of the hybrid switch is gradually obvious at heavy

Fig. 10. Loss distributions at 20 kW @18 kHz.

Fig. 11. Calculated efficiency @ 50 kHz.

Fig. 12. Loss distributions at 20 kW @ 50 kHz.

load when the cost of the hybrid switch is lower than only SiC
MOSFET. Also, it can be concluded that the difference of the
inverter loss when applying different hybrid switches is mainly
the conduction loss of the hybrid switch.

Figs. 11 and 12 show the results, while the switching fre-
quency is pushed up to 50 kHz. The comparison between 18
and 50 kHz shows that the hybrid switch is more advantageous
compared to only IGBT at high switching frequency. The re-
verse recovery of the antiparallel diode in the horizontal switch
is one of the biggest barriers for improving the efficiency and
the switching frequency, which causes large loss both in the
antiparallel diode and the vertical switch.

III. DIFFERENT SWITCHING PATTERNS FOR THE HYBRID

SWITCH IN THE THREE-LEVEL INVERTER

Switching patterns for hybrid switches will affect the loss
distribution and total efficiency of the inverter. In this sec-
tion, different switching patterns for the hybrid switch in the
three-level inverter are discussed. The parameters for calcula-
tion are listed in Table I at 18 kHz.
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Fig. 13. Switching waveforms of (a) PWM 1, (b) PWM 2, (c) PWM 4, and
(d) PWM 6.

A. Traditional Switching Patterns for the Hybrid Switch

Switching pattern PWM1 shown in Fig. 13(a) is discussed
in Section II. Fig. 13(b) shows the switching pattern PWM 2,
which is a special case of PWM 1 where the turn-ON delay
time T1 and the turn-OFF delay time T2 are zero. At t1 , the
driving signals of SiC MOSFET and Si IGBT are generated at
the same time. But the SiC MOSFET is turned ON earlier than
the IGBT due to its fast switching properties, which make the
Si IGBT be under the ZVS-ON condition, and turn-ON loss is
almost eliminated. At t2 , the SiC MOSFET is turned OFF earlier
than the IGBT, which makes the SiC MOSFET be under the ZVS-
OFF condition. PWM 2 realizes ZVS-ON for the Si IGBT and
ZVS-OFF for the SiC MOSFET, which is more suitable for the
ZVS-OFF topology. PWM 2 has larger switch-OFF loss, but the
loss of the SiC MOSFET is smaller compared to PWM 1.

PWM 4 is shown in Fig. 13(c), where the SiC MOSFET is
turned ON earlier than the IGBT by the turn-ON delay time T1 ,
and the SiC MOSFET is turned OFF also earlier than the IGBT
by the turn-OFF delay time T2 . With enough turn-ON delay time
T1 and turn-OFF delay time T2 , PWM 4 can realize ZVS-ON for
the Si IGBT and ZVS-OFF for the SiC MOSFET, which is more
suitable for the ZVS-OFF topology. The characteristics of PWM
4 is the same to PWM 2.

PWM 6 is shown in Fig. 13(d), where the SiC MOSFET is
turned ON later than the IGBT by the turn-ON delay time T1 ,
and the SiC MOSFET is turned OFF also later than the IGBT by
the turn-OFF delay time T2 . With enough turn-ON delay time T1
and turn-OFF delay time T2 , PWM 6 can realize ZVS-OFF for
the Si IGBT and ZVS-ON for the SiC MOSFET, which is more
suitable for the ZVS-ON topology. When the Si IGBT flows more
current than the SiC MOSFET, PWM 6 can reduce the impact of
the parasitic inductances and shows a faster dynamics of the
current commutation than PWM 1 [27].

1) Analysis of the Conduction Loss of the Hybrid Switch With
PWM 1: As shown in Fig. 13(a), to realize the ZVS condition

Fig. 14. Total conduction loss of hybrid switch versus Td .

Fig. 15. Conduction loss of SiC MOSFET versus Td .

for the IGBT, the following two equations needs to be satisfied:

T1 ≥ TonM (18)

T2 ≥ Toff I (19)

where TonM is the turn-ON time of the SiC MOSFET, and ToffI is
the turn-OFF time of the Si IGBT. By combining (18) and (19),
the following equation is obtained:

T1 + T2 ≥ TonM + Toff I . (20)

If the sum of the two time delay is defined as Td

T1 + T2
Δ= Td. (21)

The total delay time Td needs to satisfy the following
equation:

Td ≥ TonM + Toff I . (22)

When Td is greater than the duty cycle time of a switching
cycle, only SiC MOSFET of the hybrid switch will work in this
switching cycle as the gate signal ugI is equal to zero. When
Td is greater than the maximum duty cycle time in a line cycle,
only SiC MOSFET of the hybrid switch will work in the line cycle
as the gate signal ugI is equal to zero.

Once the Si IGBT can realize ZVS operation, the switching
loss of the hybrid switch only depends on the selected SiC
MOSFET and has nothing to do with Td . However, the conduction
loss of the hybrid switch is affected by Td . The total conduction
loss of all hybrid switches Pcon in the inverter with Td changing
is shown in Fig. 14, and the conduction loss of all SiC MOSFETs
in hybrid switches PconM in the inverter with Td changing is
presented in Fig. 15. It can be seen from the two figures that
when Td is larger than the maximum duty cycle time, only
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Fig. 16. Some possible abnormal work mode using PWM 4. (a) T1 > d(t)Ts

and T2 > d(t)Ts . (b) T1 < d(t)Ts and T2 < d(t)Ts and (T1 + T2 ) >
d(t)Ts .

SiC MOSFET of the hybrid switch works in the circuit and the
conduction loss reaches the saturation value. Pcon increases with
the increase of Td , and PconM increases with the increase of Td .
Therefore, when the Si IGBT realizes ZVS operation, Td can be
chosen as small as necessary considering from the aspects of the
inverter efficiency and the thermal problem of the SiC MOSFET.
What is more, different ON-state resistances of SiC MOSFETs of
hybrid switches mean different slopes. When Td is fixed, Pcon
increase as the ON-state resistance of the SiC MOSFET increases,
and mostly PconM increase as the ON-state resistance increases.

2) Analysis of Conduction Loss of the Hybrid Switch With
PWM 4: As shown in Fig. 16, when both T1 and T2 are larger
than d(t)Ts , the inverter cannot work normally as the gate sig-
nals ugM and ugI are equal to zero. When both T1 and T2 are
smaller than d(t)Ts and the sum of T1 and T2 is larger than
d(t)Ts , similar situation will occur. Therefore, PWM 4 is more
suitable for a dc–dc converter than dc–ac or ac–dc converter for
the limited value of T1 and T2 . There are other solutions, for
example, changing PWM 4 to other PWM patterns under such
cases. To make the Si IGBT be under the ZVS-ON condition,
the following equation needs to be satisfied:

T1 ≥ TonM (23)

and to make the SiC MOSFET be under the ZVS-OFF condition,
the following equation needs to be satisfied:

T2 ≥ Toff M (24)

where ToffM is the turn-OFF time of the SiC MOSFET.
Pcon increases with the increase of T1 and T2 . PconM increases

with the increase of T1 but decreases with the increase of T2 .
T1 can be chosen as small as necessary considering the inverter
efficiency and the thermal problem of the SiC MOSFET. T2 should
be chosen based on the tradeoff of the inverter efficiency and
thermal problem of the SiC MOSFET.

3) Analysis of the Conduction Loss of the Hybrid Switch With
PWM 6: As shown in Fig. 17, similar to PWM 4, PWM 6 may
work abnormally. The solution is changing PWM 6 to other
PWM patterns. PWM 6 is more suitable for a dc–dc converter
than dc–ac or ac–dc converter. To make the SiC MOSFET be
under the ZVS-ON condition, the following equation needs to

Fig. 17. Some possible abnormal work mode using PWM 6. (a) T1 > d(t)Ts

and T2 > d(t)Ts . (b) T1 < d(t)Ts and T2 < d(t)Ts and (T1 + T2 ) >
d(t)Ts .

be satisfied:

T1 ≥ TonI (25)

where TonI is the turn-ON time of the Si IGBT, and to make the Si
IGBT be under the ZVS-OFF condition, the following equation
needs to be satisfied:

T2 ≥ Toff I . (26)

Pcon increases with the increase of T1 and T2 . PconM de-
creases with the increase of T1 but increases with the increase
of T2 . When the Si IGBT realizes ZVS operation, T2 can be cho-
sen as small as necessary considering from the aspects of the
inverter efficiency and the thermal problem of the SiC MOSFET.
T1 should be chosen based on the tradeoff of the inverter effi-
ciency and thermal problem of the SiC MOSFET.

B. Switching Patterns Decreasing the Loss of the
Small-current SiC mosfet for the Hybrid Switch

Several switching patterns are studied in this chapter, which
can decrease the loss of the small-current SiC MOSFET to reduce
the risk of overheating and reliability degradation of the small-
current SiC MOSFET.

PWM 3 in Fig. 18(a) is based on PWM 1. At t3 , the SiC
MOSFET is turned OFF under the ZVS-OFF condition and the SiC
MOSFET is turned ON under the ZVS-ON condition at t4 . This
operation can reduce the conduction loss of the SiC MOSFET,
which improves the reliability and longevity of the SiC MOSFET

compared to PWM 1. In a sense, PWM 1 can be seen as a special
case of PWM 3.

PWM 5 in Fig. 18(b) is based on PWM 4. At t3 , the SiC
MOSFET is turned OFF under the ZVS-OFF condition and the
SiC MOSFET is turned ON under the ZVS-ON condition at t4 .
Similarly, PWM 5 can improve the reliability and longevity of
the SiC MOSFET compared to PWM 4.

PWM 7 in Fig. 18(c) is based on PWM 6. At t3 , the SiC
MOSFET is turned OFF under the ZVS-OFF condition and the
SiC MOSFET is turned ON under the ZVS-ON condition at t4 .
Similarly, PWM 7 can improve the reliability and longevity of
the SiC MOSFET compared to PWM 6.

In conclusion, the operation of turn-OFF of the SiC MOSFET

when the Si IGBT is ON can decrease the conduction loss of the
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Fig. 18. Switching waveforms of (a) PWM 3, (b) PWM 5, and (c) PWM 7.

Fig. 19. Total conduction loss of hybrid switch versus TM Ion .

SiC MOSFET; however, this operation can increase the switch-
ing frequency of the SiC MOSFET, which slightly increases the
switching loss.

1) Analysis of the Conduction Loss of the Hybrid Switch With
PWM 3: As shown in Fig. 18(a), the time delay Td is defined the
same as (21), and the sharing conduction time TMIon is defined
as follows:

T3 + T4
Δ= TMIon . (27)

To make the Si IGBT be under the ZVS condition, delay
time Td needs to satisfy (22). PWM 1 can be considered as
a special case of PWM 3 with the same Td . PWM 3 will be
changed to PWM 1 in the switching cycle when the sum of Td

and TMIon is greater than the duty cycle time of this switching
cycle and Td is smaller than the duty cycle time of this switching
cycle. Only SiC MOSFET of the hybrid switch will work in the
switching cycle when Td is greater than the duty cycle time of
this switching cycle.

Pcon with TMIon changing is shown in Fig. 19, and PconM

with TMIon changing is presented in Fig. 20 when Td is 1.2 μs.
It can be seen from the figures that PWM 3 becomes PWM 1
when TMIon is large enough and the conduction loss reaches
the saturation value, which is the value of PWM 1 with the
same Td . Pcon decreases with the increase of TMIon . However,
PconM increases with the increase of TMIon . Therefore, TMIon

Fig. 20. Conduction loss of SiC MOSFET versus TM Ion .

Fig. 21. Total conduction loss of hybrid switch versus Td and TM Ion .

Fig. 22. Conduction loss of SiC MOSFET versus Td and TM Ion .

should be chosen based on the tradeoff of the inverter efficiency
and thermal problem of the SiC MOSFET. Different ON-state
resistances of SiC MOSFETs of hybrid switches mean different
slopes. When Td and TMIon are fixed, Pcon increase as the ON-
state resistance of the SiC MOSFET increases, while the change
of PconM depends on the value of TMIon .

Pcon (Hy80m) with Td and TMIon changing is shown in
Fig. 21, and PconM (Hy80m) with Td and TMIon changing is
presented in Fig. 22. The right side and upper side of the dotted
line in the figures are the saturation region of PWM 3, which
can be thought as the PWM 1 region with the same Td . When
TMIon is fixed, both Pcon and PconM increase with the increase
of Td . The results in the figures conclude that when the Si IGBT
realizes ZVS operation, Td could be chosen as small as neces-
sary considering from the aspects of the inverter efficiency and
the thermal problem of the SiC MOSFET.
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Fig. 23. Total conduction loss of hybrid switch versus TM Ion .

Fig. 24. Conduction loss of SiC MOSFET versus TM Ion .

2) Analysis of the Conduction Loss of the Hybrid Switch With
PWM 5: As shown in Fig. 18(b), T1 and T2 need to satisfy (23)
and (24). PWM 4 can be considered as a special case of PWM
5 when time delays T1 and T2 of PWM 4 and PWM 5 are the
same. PWM 5 will be changed to PWM 4 in the switching cycle
when the sum of T1 , T2 , and TMIon is greater than the duty cycle
time of this switching cycle.

Pcon with TMIon changing is shown in Fig. 23, and PconM with
TMIon changing is presented in Fig. 24 when T1 is 0.2 μs and T2
is 0.5 μs. It can be seen from the figures that PWM 5 becomes
PWM 4 when TMIon is large enough and the conduction loss
reaches the saturation value, which is the value of PWM 4 with
the same T1 and T2 . When T1 and T2 are fixed, Pcon decreases
with the increase of TMIon , while PconM increases with the
increase of TMIon . Therefore, TMIon should be chosen based on
the tradeoff of the inverter efficiency and thermal problem of the
SiC MOSFET. When T1 , T2 , and TMIon are fixed, Pcon increase
as the ON-state resistance of the SiC MOSFET increases, while
mostly PconM decreases as the ON-state resistance increases.

3) Analysis of the Conduction Loss of the Hybrid Switch With
PWM 7: PWM 7 can be considered as a special case of PWM
6 when T1 and T2 of PWM 6 and PWM 7 are the same. PWM 7
will be changed to PWM 6 in the switching cycle when the sum
of T1 , T2 , and TMIon is greater than the duty cycle time of this
switching cycle.

Pcon with TMIon changing is shown in Fig. 25, and PconM

with TMIon changing is presented in Fig. 26 when T1 is 0.2
μs and T2 is 1 μs. PWM 7 becomes PWM 6 when TMIon is
large enough and the conduction loss reaches the saturation
value, which is the value of PWM 6 with the same T1 and T2
shown in the figures. When T1 and T2 is fixed, Pcon decreases
with the increase of TMIon . However, PconM increases with the
increase of TMIon . Therefore, TMIon should be chosen based on

Fig. 25. Total conduction loss of hybrid switch versus TM Ion .

Fig. 26. Conduction loss of the SiC MOSFET versus TM Ion .

Fig. 27. Calculated efficiency of different switching patterns for the hybrid
switch.

the tradeoff of the inverter efficiency and thermal problem of the
SiC MOSFET. When T1 , T2 , and TMIon are fixed, Pcon increase
as the ON-state resistance of the SiC MOSFET increases, while
the change of PconM depends on the value of TMIon .

C. Comparison of Different Switching Patterns for the Hybrid
Switch in the Three-Level Inverter

Fig. 27 shows the calculated efficiency of different switching
patterns for the hybrid switch (Hy80m) assuming that the Si
IGBT realizes ZVS-OFF operation when utilizing PWM 1, PWM
3, PWM 6, and PWM 7 (PWM 1 T1 : 0.2 μs T2 : 1 μs; PWM 2;
PWM 3 T1 : 0.2 μs T2 : 1 μs TMIon : 5 μs; PWM 4 T1 : 0.2 μs T2 : 0.5
μs; PWM 5 T1 : 0.2 μs T2 : 0.5 μs TMIon : 5 μs; PWM 6 T1 : 0.2 μs
T2 : 1 μs; PWM 7 T1 : 0.2 μs T2 : 1 μs TMIon : 5 μs). Fig. 28 shows
the loss distribution at rated output power 20 kW corresponding
to Fig. 27. The legends “Pon” and “Poff ,” respectively, represent
turn-ON loss and turn-OFF loss of the hybrid switch. The results
in the figures show that PWM 1 and PWM 3 have the advantage
over other switching patterns in heavy load, while PWM 6 and
PWM 7 have the advantage over other switching patterns in
light load. PWM 6 and PWM 7 have larger turn-ON loss but
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Fig. 28. Loss distributions at rated output power 20 kW.

Fig. 29. Topology of the T-type three-level inverter for current sensing.

smaller diode recovery loss in heavy load, while PWM 6 and
PWM 7 have smaller turn-ON loss and smaller diode recovery
loss in light load (the reverse recovery of the antiparallel diode
in the horizontal switch will both influence the diode recovery
loss and turn-ON loss of the vertical switch) compared to PWM
1 and PWM 3 , respectively. PWM 2, PWM 4, and PWM 5 have
larger turn-OFF loss for the high switching loss of the Si IGBT
compared to PWM 1. The difference of PWM 1, PWM 2, PWM
4, and PWM 6 in the figures is the switching loss of the hybrid
switch (the conduction loss of the hybrid switch in the figures
is almost the same).

The discussions in the above-mentioned section show that
utilizing PWM 1 has higher efficiency than using PWM 3 with
the same Td , but the conduction loss of the SiC MOSFET of
utilizing PWM 1 is also higher than using PWM 3 with the
same Td . This provides a new idea for combining the switching
patterns. Utilizing PWM 1 from light load to medium load can
ensure light and medium load efficiency, while using PWM 3 at
heavy load can ensure high efficiency with junction temperature
of the SiC MOSFET reduced and system reliability improved.
Also, PWM 1 and PWM 6 or PWM 3 and PWM 7 can be
combined for high efficiency at full load. More deep research
can be done in the future.

IV. EXPERIMENTAL RESULTS

A. Current Sensing of the
Hybrid Switch

A 20 kW T-type three-level three-phase grid-connected in-
verter prototype for current sensing is built, as shown in Fig. 29.
The parameters of the inverter are listed in Table II. The hybrid
switch is IKW40N120T2 in parallel with C2M0040120D, and

TABLE II
PARAMETERS OF THE INVERTER

Fig. 30. Comparison of measured and theoretical current. (a) Rogowski coils.
(b) Zoom1 of (a). (c) Ten 50 mΩ in parallel. (d) Zoom1 of (c).

Fig. 31. Current sharing of hybrid switch @ 20 kW. (a) Current sharing @
20 kW. (b) 30° of (a). (c) 60° of (a). (d) 90° of (a).

the horizontal switch is IKW50N65EH5. PWM 1 is employed
for the experiment. The current measurement comparison of
Rogowski coils and resistive shunts (ten 50 mΩ 0805 resistors
in parallel) in continuous operation is shown in Fig. 30. The
steady current match well in two measurement ways, while
Rogowski coils have better transient characteristics. However,
Rogowski coils cannot measure the dc current. Fig. 31 shows
the current sharing of the hybrid switch using resistive shunts.
Fig. 32 describes the comparison of measured and theoretical
current sharing of the hybrid switch with resistive shunts
displaying the acceptable error.



WANG et al.: EFFICIENCY IMPROVEMENT OF GRID INVERTERS WITH HYBRID DEVICES 7569

Fig. 32. Comparison of measured and theoretical current.

Fig. 33. Topology and control block diagram of the inverter.

B. Comparison of Different Switching Patterns for the
Hybrid Switch

A 20 kW T-type three-level three-phase grid-connected in-
verter prototype is built, as shown in Fig. 33. The control block
diagram of the inverter is also presented in Fig. 33. The vertical
switch is the hybrid switch of IKW40N120T2 in parallel with
C2M0080120D (1:2.4 SiC/Si current ratio HyS) and the hori-
zontal switch is IKW50N65EH5. The cost of Hy80m is far less
than the cost of only SiC MOSFET (C2M0025120D).

1) fs = 18 kHz: The parameters of the inverter are listed in
Table II. Fig. 34(a) and (b) reveals that the Si IGBT applying
PWM 1 and PWM 3 is under the ZVS-ON condition. The Si
IGBT of the hybrid switch still has the turn-OFF loss when T2
equals 1 μs for large stored charge left in the Si IGBT. However,
the Si IGBT of the hybrid switch has very small turn-OFF loss
when T2 equals 3 μs for few stored charge left in the Si IGBT.
This phenomenon can be clearly shown between Fig. 35(a) and
(b), and the experimental efficiency curve in Fig. 36 also shows
this. The efficiency of PWM 1 is 0.1% higher than PWM 3 with
the same Td at rated power, which implies that the switching
strategy utilizing PWM 1 from light load to medium load while

Fig. 34. Collector–emitter voltage and collector–emitter current of SA1.I.
(a) PWM 1 with T1 200 ns, T2 1 μs. (b) PWM 3 with T1 200 ns, T2 1 μs, and
TM Ion 5 μs.

Fig. 35. Collector–emitter voltage and collector–emitter current of SA1.I.
(a) PWM 1 with T1 200 ns, T2 1 μs. (b) PWM 1 with T1 200 ns, T2 3 μs.

Fig. 36. Experimental efficiency of the inverter with PWM 1 and PWM 3.

Fig. 37. Waveforms using PWM 2. (a) Drain–source voltage and drain–source
current of SA1.M. (b) Collector–emitter voltage and collector–emitter current
of SA1.I.

using PWM 3 at heavy load is feasible. In general, the selection
of T2 for PWM 1 and PWM 3 should be focused.

Waveforms using PWM 2, PWM 4, and PWM 5 are presented
in Figs. 37, 38, and 39, and the results show that the SiC MOSFET

is under the ZVS-OFF condition and the Si IGBT is under the
ZVS-ON condition applying PWM 2, PWM 4, and PWM 5. The
efficiency using PWM 2, PWM 4, and PWM 5 is relatively low
due to the large turn-OFF loss shown in Fig. 40.

The efficiency of PWM 6 and PWM 7 shown in Fig. 41 is,
respectively, higher than PWM 1 and PWM 3 with the same
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Fig. 38. Waveforms using PWM 4 with T1 200 ns and T2 500 ns. (a) Drain–
source voltage and drain–source current of SA1.M. (b) Collector–emitter voltage
and collector–emitter current of SA1.I.

Fig. 39. Waveforms using PWM 5 with T1 200 ns, T2 500 ns, and TM Ion 5 μs.
(a) Drain–source voltage and drain–source current of SA1.M. (b) Collector–
emitter voltage and collector–emitter current of SA1.I.

Fig. 40. Experimental efficiency of the inverter with PWM 2, PWM 4, and
PWM 5.

Fig. 41. Experimental efficiency of the inverter with PWM 6 and PWM 7.

delay time in light and half-load due to better diode reverse
recovery, while the efficiency of PWM 6 and PWM 7 is lower
than PWM 1 and PWM 3 with the same delay time in heavy
load due to larger turn-ON loss. Fig. 42(a) and (b) shows that the
SiC MOSFET applying PWM 6 and PWM 7 is under the ZVS-ON

condition.

Fig. 42. Drain–source voltage and drain–source current of SA1.M. (a) PWM
6 with T1 200 ns and T2 1 μs. (b) PWM 7 with T1 200 ns, T2 1 μs, and TM Ion
5 μs.

TABLE III
PARAMETERS OF THE INVERTER

Fig. 43. Experimental efficiency of the inverter with PWM 1, PWM 3, PWM
6, and PWM 7 @ 50 kHz.

2) fs = 50 kHz: The parameters of the inverter are listed in
Table III. The value of the filter inductor decreases from 670 μH
@ 18 kHz to 235 μH @ 50 kHz, which means smaller filter and
higher power density. The efficiency with the hybrid switch
at high switching frequency is comparable to that with the Si
IGBT at low switching frequency. The efficiency of PWM 6 and
PWM 7 shown in Fig. 43 is, respectively, higher than PWM 1
and PWM 3 with the same delay time in light and half-load due
to better diode reverse recovery, while the efficiency of PWM 6
and PWM 7 is lower than PWM 1 and PWM 3 with the same
delay time in heavy load due to larger turn-ON loss.

V. CONCLUSION

Hybrid switch with the combination of large-current Si IGBT
and small-current SiC MOSFET (1:2.4 SiC/Si current ratio) is
utilized in the three-phase T-type three-level grid inverter in this
paper. Theoretical analysis and experiment results both show
that utilizing the hybrid switch in the T-type three-level grid
inverter can achieve high efficiency at a relatively low cost and
improve the switching frequency, which means smaller filter
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and higher power density at the same time. The inverter can
be designed by compromising PV inverter’s efficiency and its
cost according to the derivate of the relationship between the
hybrid switch’s loss and its cost. Several switching patterns,
which can decrease the loss of the small-current SiC MOSFET

for the hybrid switch, are proved. After comparison of different
switching patterns for the hybrid switch, it can be concluded that
PWM 1 and PWM 3 are preferred for the efficiency advantage
in heavy load, while PWM 6 and PWM 7 are better for the
efficiency advantage in light and half-load.
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